Bragg gratings (FBGs) for temperature monitoring during radiofrequency ablation (RFA) for tumor treatment. A proper configuration with several FBG sensors deployed close to the region reached by RF discharges has been developed to monitor the necrotized area. Our ex-vivo experiments on animal kidney and liver confirm that we were able to monitor the temperature with a resolution of 0.1 °C during a series of different and consecutive RF discharges with the laparoscopic bipolar radiofrequency device Habib 4x.
INTRODUCTION
Radiofrequency thermal ablation (RFTA) is one of the most minimally invasive techniques for the treatment of kidney, liver, and lung tumors and is therefore considered a viable option for patients who are not operative candidates or have multiple medical problems or unresectable tumours. The operation principle of RFTA is to expose the diseased tissue to a rapid temperature increase, resulting in the immediate necrosis of diseased cells. The mortality rate of tumor cells is a function of the temperature value and of the duration of the ablation: a heat temperature of 60 °C (for few seconds) must be reached for a cytotoxic level [1] . Therefore, real time temperature monitoring is particularly beneficial for optimizing RF treatment and preserving as much healthy tissue as possible [2] .
Until now, several methods have been used to monitor temperature such as thermocouples, Computed Tomography (CT) and Magnetic Resonance Imaging (MRI). Despite their advantages, as non-invasiveness and good spatial resolution, these techniques require specific calibration, can be distorted by physiological movement and do not allow multi-point real time temperature monitoring [3] .
Fiber optics sensors (FOSs) are an excellent tool for thermal measurement in such applications, thanks to their small size, non-toxicity, chemical inertness, biocompatibility, flexibility and low cost. Moreover, they are immune to RF interference and do not interfere with the electrical properties of the tissue [4] . In particular, among FOSs, Fiber Bragg gratings (FBGs) are being increasingly studied and applied to the medical field in areas such as the monitoring of bone decalcification [5] , controlling respiratory movement [6] as well as the development of specific sensors to measure PH and refractive index of liquids [7] . Recently, the application of FBGs to RF and laser ablation have been limited to few studies [3] [4] [8] ex-vivo animal liver organs. In line with these previous experiments, we have started investigating the application of FBGs to measure heat propagation in order to create a temperature map during RFTA.
In this paper, herein we present the results of our RFTA experiments conducted together with experienced surgeons, on ex-vivo liver and kidney tissues. A specific configuration with five FBGs sensors bounded to the RF probe was developed in order to monitor the temperature during multi-step RFA experiments with a resolution of 0.1 °C.
II. MEASUREMENT SETUP

A. Fiber Bragg grating sensor
FBGs are sensing devices inscribed in the core of a standard single-mode optical fiber consisting of a spatially periodic modulation of the reflective index of the fiber core. The refractive index modulation leads to the reflection of the light (propagating along the fiber) in a narrow range of wavelengths, whereas the rest of the spectrum is transmitted. The narrow wavelength reflected back is centered around what is known as a Bragg wavelength B , which is expressed as follows:
( 1) where is the effective refractive index of the guided core mode and is the grating period. The grating is intrinsically a strain and temperature sensor and the external physical parameters can be detected through the measurement of the 978-1-4799-8287-5/16/$31.00 ©2016 IEEE reflected wavelength. In particular, any perturbation that can change effective index ) and periodicity ( ) will result in a shift in the Bragg wavelength. For our purposes, the FBG has been employed in a strain-free configuration in order to consider the temperature contribution only. With more details, the Bragg grating wavelength shifts caused by temperature is ruled by the following equation: (2) where is the thermal sensitivity coefficient and is the temperature variation [9] .
B. Experimental setup
The setup for experimental measurement is illustrated in Fig. 1 . In particular, in the blue box the RFTA instrumentation is reported. The RF probe is powered by a 500 kHz generator (RITA 1500X ® ) producing up to 250 W of power. The Habib 4x ® laparoscopic bipolar radiofrequency device was used which consists of two pairs of opposing electrodes with active ends of 6 cm in length spaced in order to make a square with a 6.0 mm side [10] . In the red box, the optical interrogation of the FBGs' sensor used to measure the reflected signal is also reported. This consists of a tunable source in the range of 1500-1600 nm and a detector that measures the Bragg wavelengths with a resolution of 1 pm and maximum sampling frequency of 1 Sample/s.
In Fig. 2 , a picture and a schematic of the RF probe is presented. For our experimentation, the probe was properly modified by adding five FBGs near the RF electrodes and spatially distributed along the x axis. In particular, Fig. 2a , shows a detail of the modified RF probe, whereas in Fig. 2b , a schematic of the sensors' distribution is reported. As can be seen, four FBGs are positioned at x=0 cm, x=0.5 cm, x=1.0 cm and x=1.5 cm in order to measure a temperature profile starting from the electrode's center. The last FBG was fixed at -1.0 cm in order to observe the symmetry of the temperature profile.
Each FBG sensor was properly inserted in a metallic package in order not to create any disturbance during the insertion and extraction of the probe. The packages were realized by means of medical needles (Chiba) with an inner hole of 700 μm. The ends of the needles were then enclosed within a small cap of cyanoacrylate adhesive in order to ensure the FBGs' strain-free operation. Finally, the Chiba needles were fixed to the probe so that their tips were in the same position as those of the electrodes (see blue box in Fig. 2a) . 
III. RESULTS AND DISCUSSION
Experiments were carried on ex vivo liver and kidney tissues at the Urology Department of the University of Naples Federico II "Policlinico" Hospital. In particular, analysis has been focused on the temperature recorded by FBG sensors during RFA treatment, which consisted of consecutive insertions of the probe, each one with capable of several RF discharges. Fig. 3 shows our test on an ex vivo animal kidney. The sample was pre-warmed at 35 °C. Reported is a single discharge with a recorded maximum temperature of 97.1 °C at the center of electrodes. Lower temperatures were recorded more distant from this point: 49 °C at a 0.5 distance from electrodes, 37 °C and 39 °C at -1 and +1 cm respectively. Finally, a temperature of 32.2 °C was measured at 1.5 cm distance from peak ablation. Fig. 3b-c shows two photos taken during the experiments illustrating an insertion in the kidney sample and the detail of a cut following the discharge, respectively. Fig. 4 reports the temperature variations during a thermoablation treatment on ex vivo liver, consisting of two consecutive discharges made at the same power as the previous test on the kidney. The test was carried out with the liver sample pre-warmed at 40 °C. In the first discharge a maximum temperature of 102.3 °C was recorded by the FBG positioned in the center of the electrodes (magenta curve) while a lower temperature of about 50 °C was recorded by the FBG at a 1.5 cm distance from the center of the discharges (black curve). During the second discharge, a maximum temperature of 97.6 °C was recorded by FBG 2 (at the peak ablation), while temperatures of 58.5 °C at +1 cm distance from electrodes and 56 °C at -1 cm were recorded. Moreover, at a 0.5 cm distance from the center a temperature of 79.3 °C was measured.
A. Experimentation on ex vivo animal kidney
B. Experimentation on ex vivo animal liver
Soon after the second discharge the heat propagation continued at a slower rate with the electrodes still positioned in the organ until the probe was extracted which resulted in a rapid return to room temperature (about 23 °C). Fig. 4b -c, it also shows a photo of an insertion and a detail of necrosis after discharges, respectively.
It is important to highlight here that our experiments are in agreement with the RF ablation theory [11] . As can be seen, temperature increases after the first discharge and the heat propagates further away. Moreover, the average organ temperature increases after every discharge. In the kidney test, the temperature was lower than in the liver due to the different tissue characteristics. As can be seen in Fig. 3c , the kidney sample had wide fat areas known as calyces, which slowed down heat propagation. In fact in our kidney experiments, the difference between FBG2 (0 cm) and FBG3 (0.5 cm) was at circa 45 °C, whereas in the liver sample the same 0.5 cm difference achieved was at circa 20 °C. This is further demonstration that the results of necrosis during RFTA treatments depends on several parameters such as type of tissue, tumor size, penetration depth of the probe, point ablation as well as RF probe size and the amount of energy delivered [11] . 
IV. CONCLUSIONS
As reported herein, our experiments were performed on both ex-vivo animal liver and kidney tissues. In both series of tests, we were able to identify and measure the temperature profile near the RF probe with five different sensors having a spatial resolution of 5 mm. Our proposed FBG based-solution is been able to distinguish between the different discharges and for each of them, to measure the temperature profile. This kind of precise monitoring is not possible with the conventional thermal ablation technology currently in use. The proposed system has several favorable potential clinical implications as they are capable of providing the surgeon with real time information that can be used as a decision making instrument during RFTA treatments.
